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Abstract. The NASA Goddard Space Flight Center two-dimensional (2-D) model has been used
to study the sensitivity of model ozone concentrations to input chemical reaction rates, and the
uncertainty of the model-calculated concentrations. Ozone sensitivity coefficients to changes in
chemical reaction rates are defined as logarithmic partial derivatives of the ozone concentration
with respect to the chemical reaction rates. These logarithmic derivatives are estimated using a
finite difference technique. The ozone sensitivity coefficients to 96 gas phase chemical
reactions in the 2-D model show that the ozone concentration is sensitive to the rates of about 25
reactions. The magnitude of the ozone sensitivity coefficients varies from 0.05 to 0.9. The
latitude-altitude distributions of the ozone sensitivity coefficients to several reactions are
presented. The uncertainty of the model-calculated ozone concentration is evaluated using a
guided Monte Carlo (GMC) method from a probability distribution function. The GMC method
judiciously combines uncertainty estimates derived from the sensitivity information with Monte
Carlo runs of the model. The uncertainty of the model ozone concentration due to uncertainties

in gas phase reaction rates is calculated from published chemical rate uncertainties and varies
from 10-20% in the lower stratosphere to 30—40% in the mesosphere. Details concerning the
GMC method are discussed, and the latitude-altitude distribution of the uncertainty of the

model-calculated ozone is presented.

1. Introduction

Two-dimensional (2-D) photochemical models are important
tools in the study of stratospheric trace constituents such as
stratospheric ozone. They are used to obtain a basic
understanding of the chemical, radiative, and transport
processes that determine the ozone distribution [e.g., Douglass
et al., 1989; Brasseur et al., 1990; Garcia et al., 1992; Garcia
and Solomon, 1994]. They are also used to predict the response
of the atmosphere to various perturbations [Brasseur and
Granier, 1992; Schneider et al., 1993; Considine et al., 1994],
which are sometimes considered in the formulation of industrial
regulations. The central role of these models thus requires a
clear understanding of the uncertainties associated with the
various model predictions.

There are several sources of model uncertainty. First,
theoretical models require as input specific values of various
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parameters, which are estimated or obtained by experiment.
The uncertainties in the estimated or measured values of the
input parameters produce an uncertainty in the model
predictions. Examples of the input parameters are chemical
reaction rates, photolysis cross sections, aerosol properties and
abundance, and source gas boundary values. In principle, input
parameter uncertainties can be propagated through the models,
and the output uncertainty due to the input uncertainties can be
quantified. In practice, it is sometimes difficult to establish the
uncertainty of a model output due to a particular input
parameter. Second, stratospheric models are based on a number
of simplifying assumptions, each of which could result in a
significant deviation of the predicted atmospheric response
from the actual response. Examples of this type of uncertainty
include the residual circulation formulation, with its
parameterization of complex three-dimensional mixing
processes in terms of effective diffusion coefficients. In such
cases an estimate of the crudeness of the approximation and the
sensitivity of the model output to the parameterization can
result in a qualitative determination of the model uncertainty.
A final source of uncertainty results from important physical
processes that are excluded from the model formulation,
perhaps because they have not yet been discovered. This type
of uncertainty is not quantifiable.  However, if model
predictions fail to agree with measurements and the discrepancy
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is larger than the model uncertainty resulting from the
aforementioned two sources, the likelihood is that important
processes have been neglected or that the model formulation
itself is suspected. Thus a good understanding of the first two
sources of uncertainty results in an ability to address the third.

The evaluation of model uncertainties is closely related to
the determination of model sensitivities. If a model displays a
large sensitivity to some parameter and the value of that
parameter is not well known, then a large uncertainty can result.
If the model is sufficiently insensitive to the value of a
parameter, then the uncertainty will not be large even if the
value of that parameter is not known well.

Three general approaches to the evaluation of the
sensitivities and uncertainties in atmospheric models have been
employed to varying degrees. The first is referred to as the
“hunt and peck” (HP) method because of its reliance on
guesswork and trial and error. The HP method consists of
guessing what parameters may be important and conducting
sensitivity studies to determine if the intuition is correct. This
type of uncertainty analysis relying on an individual evaluation
of sensitivity coefficients was introduced to the atmospheric
chemistry community in a report of the National Research
Council (NRC) Panel on Atmospheric Chemistry [1976] and
was used by Butler [1978] and Stolarski [1980] in studies of the
sensitivity of one-dimensional atmospheric models to various
input parameters. It was also employed to examine the
uncertainties of trace species inferred from the Limb Infrared
Monitor of the Stratosphere (LIMS) satellite measurements of
atmospheric constituents [Kaye and Jackman, 1986a,b]. The
primary disadvantage of the HP approach is that it is not
comprehensive. In order to avoid the disadvantage of the HP
method in this study, the sensitivity coefficients are evaluated.
The ozone sensitivity coefficients to each of the gas phase
chemical reaction rates used in the 2-D model are calculated
using a finite difference technique.

A second method is a Monte Carlo analysis [Stolarski et al.,
1978, Stolarski and Douglass, 1986; Douglass and Stolarski,
1987.] In this method the value of each input parameter is
chosen from a set of possible values distributed in accord with
the stated uncertainty in that particular parameter. The model
is run many times with different sets of randomly chosen input
parameters, and the output is recorded. If enough model runs
can be done to build up reliable statistics, this method can
produce a good measure of total model output uncertainty due
to all of the input parameter uncertainties. Its disadvantage is
that the more complicated the model, the more expensive it is
to make the necessary runs. Guided Monte Carlo (GMC)
analysis is designed to reduce the computational burden of the
Monte Carlo method and judiciously combines the results of
the sensitivity calculation with the Monte Carlo runs of the
model.

A third analysis method is cause and effect analysis
[Andronova and Schlesinger, 1991]. This method examines the
relationships between different model variables, and how a
perturbation to a model is transmitted through the model from
input to output. The approach is analytical and does not appear
to be easily applicable to large computational stratospheric
photochemical models.

This paper has two main goals. The first is to calculate a set
of coefficients to quantify the sensitivity of the calculated
ozone to each of the gas phase chemical reaction rates used in
the model, using a finite difference method. The second is to
quantitatively estimate the uncertainty in the model prediction
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of ozone due to the uncertainties in chemical reaction rates.
However, the uncertainty of the ozone concentration due to
uncertainties in photolysis cross sections and heterogeneous
reaction rates is not included in this paper. The ozone
sensitivity coefficients to chemical reaction rates are defined
and calculated with a 2-D model in section 2. In section 3, the
GMC technique is described and the latitude-altitude
distribution of the model-calculated ozone uncertainty
calculated by the GMC method is presented. Conclusions about
the sensitivity and uncertainty of the model calculated ozone to
the chemical reaction rates are given in section 4.

2. Sensitivity Study

2.1. Model Description

The NASA Goddard Space Flight Center (GSFC) 2-D model
[Douglass et al., 1989; Jackman et al., 1990] is used in this
study. This model has been formulated to be computationally
economical and so is ideal for the sensitivity and uncertainty
studies. The 2-D model extends from the ground up to
approximately 92 km with 2 km vertical resolution and from
85°S to 85°N with 10° horizontal resolution. The 46 vertical
levels are equally spaced in log pressure. Sixty-five chemical
species are considered, of which 30 are transported, including
the oxygen, nitrogen, hydrogen, chlorine and bromine families.
The remaining species are calculated using photochemical
equilibrium assumptions. The species interact through 96
chemical reactions, which are listed in the appendix, and 46
photolytic reactions. The nominal chemical reaction rates are

taken from DeMore et al. [1992]. Heterogeneous reactions on
the surfaces of both stratospheric sulfate aerosols and polar
stratospheric clouds are included in the model formulation. The
sulfate aerosol surface area concentration distribution used
represents background aerosol conditions and was derived from
SAGE I satellite observations [World Meteorological
Organization, 1992]. Type 1 and type 2 polar stratospheric
cloud (PSC) surface area densities are calculated using the
method described by Considine et al. [1994]. Five
heterogeneous reactions are considered:

(R1)  N,Os5+H,0 — 2HNO;
(R2)  N,0s+HCl - CIONO, + HNO,4
(R3)  CIONO, +H,0 — HOCIl + HNO;
(R4)  CIONO, +HCl — Cl, + HNO,4
(R5)  HOCI+HCl - Cl, +H,0

Reactions on sulfate aerosols are treated following Hanson and
Ravishankara [1994]. Sticking coefficients for (R1) on sulfate
aerosol, and the other reactions on type 1 and 2 PSCs are taken
from DeMore et al. [1992]. An adjustment to account for
relative humidity is made to the sticking coefficients for (R3),
(R4), and (RS) on type 1 PSCs, as suggested by Tabazadeh and
Turco [1993] and Hanson and Ravishankara [1993].

A residual mean circulation is calculated following
Dunkerton [1978]. The heating rates of Dopplick [1974, 1979]
are used between 100 mbar and the ground, while Rosenfield et
al. (1987) heating rates are used above 100 mbar. The
temperature field is a 4-year average (1979-1982) of the
National Meteorological Center (NMC) data up to 0.4 mbar and
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CIRA (1972) temperature data above 0.4 mbar. The values of
the vertical diffusion coefficient K are fixed in the middle
atmosphere at 2% 10° cm’s”. In the troposphere, K_ decreases
with increasing altitude to the stratospheric value from the
value of 1x10° cm’s” at the ground. The K values are
calculated to be consistent with the residual circulation
(Fleming et al., 1995]. Operator splitting is used to separate the
chemical and advective operators. Advection is calculated
using the second moment conserving scheme of Prather [1986].

2.2. Definition of Ozone Sensitivity Coefficient

The sensitivity method explored here is to isolate a single
model output variable such as the ozone concentration ([O,])
and study its response to a single input variable such as a
chemical reaction rate (k) assuming all other inputs constant.
The sensitivity coefficient S, of the ozone concentration at
different latitudes and altitudes to variations in the reaction rate
k is defined by

P L (7Y B (o1
' dlnk; [O3] ok

M

In this paper these logarithmic derivatives are estimated
using a finite difference technique. The ozone sensitivity
coefficient is calculated by

_ In[O5]'-In[O3] _ In[O] - In[O5]
Ink; -Ink, In f;

S , 2

where [O,] and [O,]' are the model calculated ozone
concentration for the nominal reaction rate k, and for the
perturbed rate k;' and f =&;'/k;. The sensitivity coefficient

S is a dimensionless number indicating how the ozone
concentration responds to a change in one of the chemical
reaction rates. Since the sensitivity coefficient is essentially the
ratio of the fractional change in ozone to a fractional change in
a chemical reaction rate, a sensitivity coefficient of 0.1 would
imply a 1% change in ozone for a 10% change in the value of a
reaction rate. Normally, the magnitude of species sensitivity
coefficients varies from O to 1. A sensitivity coefficient of 1 or
larger implies that the species is highly sensitive to the reaction
rate. If the coefficient is less than 0.05, the species is quite
insensitive to the reaction rate. It should be noted that the
sensitivity coefficient rigorously applies only for relatively
small variations around the nominal reaction rates and that the
significance of a small or large sensitivity coefficient for a
particular reaction rate should not be overinterpreted. For
instance, it is not necessarily true that a reaction having a very
small sensitivity coefficient is unimportant and can be
eliminated from the reaction rate set. It is possible for ozone
concentrations to be insensitive to small changes in a reaction
around its nominal rate and still change by a large amount when
that reaction rate is set to zero.

2.3. Model Calculation and Results

Stolarski [1980] used a one-dimensional model to calculate
the ozone sensitivity coefficients to cliemical reaction rates and
found that the model calculated ozone was highly sensitive to
the reactions N,0+O(D) —>2NO, ClO+0- Cl+O,, and
OH+HO, — H,04+0,. We have used these three reactions and
the other chemical reactions that are important to the odd
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oxygen destruction (e.g., O+0,— 20, OH+O,— HO,+0,
HO,+0, » OH+20,, NO,+O0 — NO+0O,, OH+O — H+0O,, and
HO,+O — OH+0,) to determine an appropriate value for the
perturbed reaction rate ;' in equation (2). We also calculate

using these reactions the additional model integration time
needed to obtain a new steady state for the perturbed value of
k; . The ozone sensitivity coefficients for these reactions

calculated using k;'=105k;, 1.1k, and 1.3k, do not show any
appreciable differences for the three different &/, but the
altitude profile of the ozone sensitivity for &;' =1.05£, starts to

become unsmooth, indicating numerical instability. This
suggests that k; =1.1k is a reasonable value to adopt to

calculate the ozone sensitivity coefficient. We do not need to
have a close approximation to the limiting value of the
sensitivity coefficient as k' approaches £, in order to obtain the

goal of this study, which is to learn what the sensitivity
coefficients say about the response of ozone to the various
reaction rates, not to get as close an approximation to the
logarithmic partial derivatives of ozone to the model reaction
rates. We then ran the 2-D model for 2, 8, and 10 years from

steady state using the perturbed value &;'=11k;, for each

reaction rate and found that the model reached a new steady
state for this small perturbation of k after 2 years. Since
k;'=11k; , and 2-year model integration are appropriate for the

reactions which have relatively large imparts on the calculation
of the ozone concentration, it should be reasonable for other
reactions. Therefore the 2-D model is first run for 20 years to a
seasonally repeating steady state and continually run for
another 2 more years from the steady state for the nominal £
taken from DeMore et al., [1992] and for the slightly perturbed
ki (k= 11k, ). The latitude-altitude distributions of the ozone

sensitivity coefficients are then calculated from the model
output using (2). Although the sensitivity coefficients vary
with season, for the purposes of this paper it is sufficient to
intercompare the sensitivity coefficients at equinox, to avoid
the added complication of polar night conditions. The
sensitivity coefficients in March are very similar to the results
in September, so we present zonal mean plots of the sensitivity
coefficients in September below.

The model ozone concentration shows a substantial
sensitivity to about 25 of the 96 gas phase reactions included in
the 2-D model. By substantial we mean that the sensitivity
coefficient exceeds 0.05 somewhere in the model domain.
Table 1 lists the chemical reactions to which the ozone
congentration is most sensitive. Column 1 numbers the reaction
for later reference, column 2 is the reaction, column 3 gives the
range of the maximum absolute values of the ozone sensitivity
coefficient, and columns 4 and 5 are the altitude and latitude
location of this maximum.

Table 1 shows that the ozone concentration is most sensitive
to k£, and k, in the upper mesosphere and to k; and &, in the
middle and lower mesosphere. In the upper stratosphere the
ozone concentration is more sensitive to &, and k, than to other
reactions. In the middle stratosphere ozone is sensitive to X, at
low latitudes and to &, at high latitudes.

Figure 1a shows the ozone sensitivity coefficient to chemical
reaction 1 in Table 1. The ozone concentration is most
sensitive to k, in the upper stratosphere and the mesosphere
compared with other reactions. Since &, converts atomic
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Table 1. Chemical Reactions to Which the Ozone Density is Most Sensitive

location
reaction max. range of S, altitude, km latitude’

1 0+0,+M->0;+M 0.7-0.9 60-80

2 HO,+0 - OH+0, -0.6--0.7 70-80

3 H+0,+M — HO, +M -0.2--03 75-80 60°S-75°N
4 H+O03 - 0H+O, -0.1--03 70-80

5 O+OH—->H+0, -0.3--04 60-70

6 HO, +OH - O, + H,0 0.3-0.4 55-70

7 H,0 +0(1D) - 20H -0.2 40-60 60°S-75°N
8 HCl+OH — C1+H,0 -0.25--0.35 40-50

9 Cl+03 - ClO+0, -0.2 40-50

10 0+03 520, -0.1--0.2 40-50

11 Cl+CH4 — HCI+CH;3 0.1 45

12 NO +03 = NO, + 0, -0.2 35-45 40°S—40°N
13 ClO+0 > Cl+ 02 -0.1--0.3 3545

14 N,0+0(‘D) - 2NO -0.1--03 30-40

15 NO, +0 - NO+0, -04--0.5 25-35 75°S—60°S

* The latitudinal range is from 75°S to 75°N if it is not specified.
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oxygen into ozone, ozone will increase by increasing the rate &,
except in the small negative area of low magnitude around 20
km over the low latitudes. These positive sensitivity
coefficients have a maximum of 0.9 around 65-75 km. The
small area of the negative ozone sensitivity is a consequence of
the larger ozone increases at higher levels shielding lower
levels from solar UV (i.e., a nonlocal self-healing effect).
Above 30 km the latitudinal dependence of the ozone
sensitivity to Reaction 1 is almost negligible because chemistry
is more dominant than dynamics in the ozone distribution.
Below 30 km the ozone sensitivity to &, at high latitudes
becomes positive, while it is negative at low latitudes. This is
primarily caused by the latitudinal variation of solar zenith
angle and transport.  Poleward motion in the middle
stratosphere and downward motion at high latitudes move the
increased ozone at 25~30 km over low latitudes, brought about
by increases in the rate of &, to the lower levels at high
latitudes. We calculated the horizontal transport of ozone due
to advection and diffusion for the cases of k, and 1.1%, and
found that the horizontal transport for the latter case is
increased by about 10% around 30 km in the southern high
latitudes. The increase at northern high latitudes is smaller.

A large ozone sensitivity coefficient is also found for &, in the
upper stratosphere and the mesosphere and this result is shown
in Figure 1b. The ozone concentration above about 40 km
increases with an increase in the rate of k.. An enhancement of
Reaction 6 destroys more OH and HO, with a subsequent
reduction of the destruction of the odd oxygen due to HO,. This
effect peaks near 68 km, where the ozone loss due to HO,
reaches a maximum. The sensitivity to k, below 30 km is
negligible.

Figure 1. The latitude-altitude distribution of the ozone
sensitivity coefficient to the chemical reactions (a)
O0+0,+M - O,+M (k) and (b)HO,+OH - O,+H,0 (k) in
September.
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sensitivity coefficients to k, and k, are about -0.4 and -0.3 at 80
km. The ozone concentration also shows a negative sensitivity
to k, at altitudes between 35 and 70 km. Its maximum is about
-0.25 at 50 km. The oxidation of water vapor by O('D) is the
primary source of OH below 60 km. In addition, as was
pointed out before, more OH increases the conversion of HCl to
Cl and destroys more ozone by increasing chlorine catalysis in
addition to the direct effects of changes in HO_ catalysis of O,.
Figures 3a and 3b show that the ozone concentration
decreases and increases with the increase in the chemical
reaction rates k, and k,,, respectively. The increased in £,

increases the conversion of HCl to Cl and causes greater ozone
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Figure 2. The same as Figure 1 except to the reactions (a)
HO,+0 — OH+0Q, (k,) (b) O+OH— H+O, (k,).

Figures 2(a) and (b) show the ozone sensitivity coefficients
to k, and k. Both of these reactions 2 and 5 in Table 1
involving hydrogen free radicals represent a very rapid loss
process for atomic oxygen and reduce ozone in the mesosphere.
The negative maxima of the ozone sensitivity coefficients to k,
and k; are -0.7 around 80 km and -0.4 around 68 km. In the
narrow region 40-50 km, the sensitivity to k; becomes positive
because k, destroys OH with a subsequent reduction of the
conversion of the inactive chlorine bound HCI to the active
chlorine Cl by OH (see, ¢.g., reaction 8 in Table 1). The region
of the positive ozone sensitivity to k; is collocated with a region
of decreased active chlorine. Thus enhancing k; decreases the
ozone destruction due to ClO, and increases ozone at altitudes
of 40-50 km. Because of the latitudinal dependence of the
active chlorine (the abundance of active chlorine (ClO and Cl)
is higher at high latitudes than at low latitudes), this positive
sensitivity coefficient has a larger value at high latitudes than at
low latitudes.

The ozone concentration displays a sensitivity to k, and £,
above 70 km and is decreased by the enhancement of these
rates. This is because atomic hydrogen starts to become
important in ozone destruction above 70 km. The values of the

destruetion,—while % —has—the—opposite—effect.—The
concentration is more sensitive to &, at high latitudes than at
low latitudes because at an altitude of 4050 km, the fraction of
ozone loss due to chlorine chemistry is largest at high latitudes.
Figures 4a and 4b display the latitude-altitude distributions
of the ozone sensitivity coefficients to k,; and £,,. These cycles
catalyze the destruction of odd oxygen; therefore the ozone
concentration decreases with increases in their rates. The ozone
concentration displays a substantial sensitivity to the NO_ cycle
(reactions 12 and 15 in Table 1) throughout the stratosphere and
maximizes at 35—45 km because the NO, cycle is most efficient
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Figure 3. The same as Figure 1 except to the reactions (a)
HCIH+OH — CI+H,0 (k) (b) CHCH, —» HCI+CH, (k,).
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Figure 4. The same as Figure 1 except to the reactions (a)
NO,+0 — NO+0, (k,,) (b) NO+O, —» NO,+0, (k,,).

there. The positive ozone sensitivity coefficient to &, in a
small area over the tropics at altitudes 20-30 km is due to the
effect of ozone self-healing. The ozone sensitivities to &,, and
k,; are independent of latitude in the upper stratosphere, but in
the middle stratosphere they show very strong latitudinal
dependence stemming from the poleward motion in the middle
stratosphere and downward motion at high latitudes as
discussed above. Since the ClO, cycle (reactions 9 and 13 in
Table 1) is quite effective in the upper stratosphere and is
inhibited at lower altitudes by conversion of ClO to CIONO,
and HCI, the ozone concentration is most sensitive to the CIO,
reactions in the upper stratosphere. The latitude-altitude
distributions of the ozone sensitivity coefficients to k, and k,,
are shown in Figures 5a and 5b. The sensitivity coefficients to
k, and k,, show latitudinal dependencies very similar to those
of the active chlorine distributions.

The ozone concentration also shows a negative sensitivity to
k, and k., In the stratosphere, NO is produced mosily by
reaction of N,O with an excited oxygen atom in the (‘D) state.
The negative maximum of the ozone sensitivity to k,, is about -
0.2 at 35 km. Reaction 10 directly destroys the odd oxygen and
the ozone sensitivity to this reaction is about -0.15 near 50 km.
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The aforementioned chemical reactions to which the ozone
concentration displays a relatively large sensitivity are all
known to be quite important for the stratospheric and
mesospheric ozone chemistry. Thus these results both quantify
and spatially locate the important chemical processes in the
stratosphere and the mesosphere that determine the ozone
distribution.

The ozone sensitivity coefficients to the following reactions
are less than 0.05.

OH +053 - HO, +0,,
o(D)+M 5 0+M,

CIO + NO — Cl+ NO, ,

CIO + NO, + M — CIONO, +M .

Ozone is sensitive to the reactions HO,+O,— OH+20, and
HO,+NO — OH+NO, only below 15 km. This study also shows
that ozone is sensitive to the reaction OH+NO,+M — HNO,+M

only at high latitudes between 20 and 30 km. In contrast,
Stolarski {1980] used a 1-D model representative of mid-
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Figure 5. The same as Figure 1 except to the reactions (a)
ClHO, - CIO+O, (k) (b) CIO+0 — CHO, (k,,).
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latitude chemical processes and obtained a large sensitivity
coefficient ( about 0.25) to this reaction. This difference could
be caused by the neglect of the horizontal transport in the 1-D
model and also by the recent changes in rate constants which
have shifted the dominance of ozone chemistry in the lower
stratosphere from NO, cycle to HO, cycle. We also find that the
sensitivity coefficients for the chemical reactions involving
bromine species are small (<0.05). We have also recalculated
the ozone sensitivity coefficients with an additional pathway to
HCI from the reaction of CIO+OH included in the GSFC 2-D
model reaction set. This reaction path has been proposed by
several resecarch groups as a possible solution to the O,
underestimate and ClO overestimate common to stratospheric
photochemistry models in the upper stratosphere [McElroy and
Salawitch, 1989; Chandra et al, 1993; Minschwaner et al.,
1993]. The value of the ozone sensitivity coefficient to this
pathway at a 7% branching yield, as suggested by Chandra et al
[1993], is about 0.1-0.2 at altitudes of 4050 km from middle
to high latitudes. This pathway increases the inactive chlorine
reservoir (HCl) and decreases the active chlorine (CIO) and
consequently increases ozone. Therefore the ozone
concentration displays a positive sensitivity to this channel in
the region where CIO, plays an important role in the ozone
destruction. Including this channel in the 2-D model reduces
the ozone sensitivity to the reactions involving ClO, (reactions
8,9,11,13, and 15) by about 0.05-0.1 at altitudes of 40—50 km,
and increases the ozone sensitivity to reaction 1 by about 0.1 at
these levels.

3. Guided Monte Carlo Analysis

3.1. Description of Technique

As described in section 1, Monte Carlo analysis randomly
selects new sets of input chemical reaction rates {k,-'} from

each rate’s probability distribution which is formed in
accordance with the DeMore er al. [1992] rate parameter
1 6 uncertainties for the temperature of 298 K. The effects of
the temperature dependence of uncertainties in the rate
constants on the calculated ozone concentration will be
discussed in section 3.2. The 2-D model is repeatedly run with
each sets of chemical reaction rates. After many model runs
(typically about 1000-2000, [see Stolarski, 1980], a probability
distribution of the ozone concentration can be generated for any
model location and time of year. This distribution represents
the uncertainty in the model calculated ozone due to
uncertainties in all of the input chemical reaction rates. The
complete Monte Carlo analysis is very expensive to apply to 2-
D models because the large number of model runs requires
exceptionally long computational time.

The sensitivity coefficients discussed in the previous section
can also be used to estimate both the value of the model ozone
concentration for the new set of reaction rates and its
uncertainty due to reaction rate uncertainties. This can be done
if we assume that the dependence of the model-calculated
ozone on chemical reaction rates is linear. The change of the
ozone concentration can be estimated by

96
€= ZS,-(lnki‘ -lnk‘-) ,

=]

3)

where {k,-'} . i=1, 2,...,96, is the new sampled reaction rate and
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¢ is simply the estimated fractional change in ozone that
would result from running the model with the new rate set
{k,-'} . The uncertainty can be calculated by

U = 8[0%3] = 8In[05].

where U, is the fractional uncertainty in the calculated ozone
due to the reaction rate k.
By using the definition of sensitivity (equations (1) and (2)),

C)

U; =S58k = S;(Ink; —Ink;)=S;In f;, &)

Here each k; is chosen so &lnk;' quantifies the fractional

uncertainty f, in k. The total uncertainty (U__) can be estimated
by a root-mean-square sum, i.e.,

Usoat = [>;U.-2 ="Z.(S.-lnﬁ)2 :

The uncertainty f in the rate constants of the two-body
reactions for the temperature of 298 K is taken from DeMore et
al. [1992]. An estimate of the uncertainties at any given
temperature is obtained from

6

F(T) = f(298)exp)

7
R T 298 M

1 1
AL )|.

The f values for the three-body reactions are estimated by
simply calculating the lowest possible rate and the highest
possible rate using the uncertainties of &, and n from DeMore et
al. [1992] for the low pressure limit, where k, and n are the two
parameters in the formula of the three body reaction rates.

Compared with the Monte Carlo method, the estimate of the
ozone uncertainty based only on the sensitivity results is very
economical. Its expense is little more than the cost of
calculating the ozone sensitivity coefficients, which requires a
single run for each reaction rate, or 96 model runs. However,
unlike the Monte Carlo technique, the accuracy of the estimate
depends completely on an assumption of a linear relationship
between the output ozone and the input reaction rates.

In order to avoid the deficiencies of both the Monte Carlo
method and the sensitivity coefficient estimation (SCE)
procedure described above (equation (3)) we employed the
guided Monte Carlo technique [Shorter and Rabitz, 1997]. The
GMC method judiciously combines the information of efficient
sensitivity analysis with the Monte Carlo runs of the model.
Figure 6 is a logic flow diagram indicating how the GMC
method is designed. Random sampling of the reaction rates is
still maintained, but the model is not run with all the chosen
rate sets. The model is run only when a selected rate set is
predicted by the SCE procedure to have a relatively large
impact on the calculated ozone. The GMC method thus
significantly reduces the total computational time. The impact
of each new rate sct on the calculated ozone is estimated by
using equation (3). If the new set of chemical reaction rates is
estimated to cause a small change in the ozone concentration
from its nominal value, € will be a good estimate of the
fractional change in ozone, and the ozone concentration is
predicted with the sensitivity results. If the new set causes a
large change in the ozone concentration, £ will not likely be a
good estimate, and the ozone concentration should be
determined by rerunning the model. The value of [¢] above
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randomly sample the reaction rate probability distribution to generate the new sets of reaction
rates k;" (i=1,96)

U

i=1

estimate the effect of the difference of the reaction rates on the ozone density

96
E= ZS, ~(lnk,~"-lnk,-)

U

small effect (|¢] <7)

U

| sensitivity prediction l

U

large effect (Jg| >7)

U

| model re-run |

U

ozone distribution |

Figure 6. The logic flow diagram for the GMC method.

which the model is run, T, is chosen empirically. It is
generally most economical to start with a large 1T value (i.e.,
ozone concentration from sensitivity analysis alone) and
systematically decrease it to get the converged value of ozone
concentration.

3.2 Model Calculation and Results

We selected 1000 sets of randomly chosen chemical reaction
rates from each rate’s probability distribution based on the
DeMore et al. [1992] chemical rate 1 6 uncertainties {f} for the
temperature of 298 K. The f, is used to establish the width of the
probability distribution of the reaction rate k£ which is used to
select a possible value for the ith reaction rate. The random
selection of the reaction rates from their probability
distributions can only be done for one temperature. Otherwise,
the reaction rate would vary randomly from location to location
in the model. For each reaction rate set, we calculate € in
September using equation (6). Since it is more likely
inaccurate to derive the ozone concentration from the
sensitivity information in the area where the large values of ||

are located, we compare the maximum of the absolute value of
€ over all latitudes and altitudes with the chosen 1T. If this

maximum of |EI is smaller than the chosen 1, the ozone

concentration over all the area will be calculated from the
sensitivity results; if the maximum is larger, the model will be
rerun to determine the ozone concentration over all latitudes
and altitudes. The choice of T determines the number of cases
requiring a model run and the number of cases for which the
sensitivity results can be used. We tested values of T ranging
from 0.5 to 1, as shown in Table 2.

For different T the ozone concentrations at all latitudes and
altitudes are calculated for the 1000 sets of randomly selected
chemical reaction rates either by using the sensitivity results or
by rerunning the model (see, Table 2). The ozone mean and the
standard deviation are calculated from the results of these 1000
cases for different latitudes and altitudes. Plots of the ozone

mean and its standard deviation at different locations with
respect to T showed that these statistical measures are
satisfactorily converged at T = 0.5 (i.e., further reductions in T
will not change the mean and standard deviation of ozone).
Therefore the following results are for T=0.5. Table 2 shows
that the GMC procedure requires 307 model runs. Combined
with the 96 runs necessary to calculate the sensitivity
coefficients, this represents over a factor of 2 reduction in the
total number of runs.

The normalized distributions of the ratio of the ozone
concentration for each GMC run to its nominal value are shown
in Figure 7. The figure shows the distributions at latitudes of
5° N, 45° N, and 75° N and altitudes of 20 km, 40 km, and 60
km. The probability distributions at other latitudes and
altitudes are very similar to these. All of the distributions show
that in the center the probability built up by the sensitivity
calculations is much larger (about 5-6 times larger) than that
by the Monte Carlo runs of model, while in the tails they are
comparable. Therefore the central part of the ozone probability
distribution tends to be built up by information from the

Table 2. Required Monte Carlo Model Runs and Sensitivity
Analysis

T Model runs Sensitivity Analysis
1.0 6 994
0.9 7 993
0.8 26 974
0.7 71 929
0.6 123 877
0.5 307 693
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Figure 7. The ozone probability distribution (solid line) with respect to the ratio of the calculated ozone density
over its nominal value for the selected latitudes (5°N, 45°N, and 75°N) and altitudes (20, 40, and 60 km). The
dotted and dashed lines are partial distributions derived from sensitivity analysis and model re-runs,

respectively. The full distribution is a sum of the latter quantities.

sensitivity analysis, and the wings are controlled by the MC
runs of model. This behavior is consistent with the GMC logic
[Shorter and Rabitz, 1997] presented in section 3.1. Figure 7
also shows that the probability distributions broaden at higher
altitudes and the broadness is relatively independent of
latitudes.

Figure 8a shows the nominal value of the ozone mixing ratio
in September, and Figure 8b is the mean value of the ozone
concentration calculated by using the GMC method for the case
of ©=0.5. Their latitude-altitude distributions are very similar

although the nominal value is slightly lower (by _S 5%)than the
mean value above 50 km. Compared with satellite
observations, the ozone distribution is quite reasonable obtained
by the GSFC nominal model [WMO, 1994; Fleming et al.,
1995] or the GMC approach using the recommended reaction
rates from DeMore et al. [1992].

An interesting issue is whether the ozone distribution
function exhibits an asymmetry with respect to the nominal
value. The uncertainty of the model ozone prediction was
estimated by calculating the right and left hand standard
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Altitude (km)

Altitude (km)

Latitude

Figure 8. (a) The nominal value of the ozone mixing ratio
(part per million by volume, ppmv) calculated by the GSFC 2-
D model using the recommended reaction rates from DeMore et
al. [1992]. (b) The mean of the ozone mixing ratio (ppmv)
calculated by using the GMC method. The dotted lines
represent the ozone mixing ratio multiplied by 10.

deviations from the GMC results for different latitudes and
altitudes. They are shown in Figures 9a and 9b as percent
relative to nominal value. The right side value is larger than
the left one, especially at higher altitudes as is consistent with
the results in Figure 8. In the middle stratosphere the
uncertainty of the ozone concentration due to uncertainties in
chemical reaction rates is at least 5-25%, and in the
mesosphere it is 30-35%. In the mesosphere the latitudinal
dependence of the standard deviation is almost negligible, but
in the lower stratosphere the standard deviations at high
latitudes are larger than those at low latitudes. This latitudinal
dependence is primarily due to the latitudinal dependence of the
ozone sensitivities resulting from the dynamical impact and the
latitudinal variation of solar zenith angle.

For simplicity, these 1 G uncertainties in chemical reaction
rates for the temperature of 298 K are used for generating
reaction rate sets. Since 298 K is higher than the typical
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temperature of the stratosphere and the mesosphere, the real
ozone uncertainty due to uncertainties in chemical reaction
rates is somewhat larger than these calculations. In order to see
the impact of these simplifications on the estimate of the ozone
uncertainty, equation (6) is used for 7=298 K and for the
temperature field adopted in the 2-D model. The results are
shown in Figures 10a and 10b. The calculated ozone
uncertainty due to the rate uncertainties is generally larger for
the 2-D model adopted temperature than for the temperature of
298 K. For the realistic atmosphere temperature the uncertainty
in the ozone concentration due to uncertainties in the gas phase
reaction rates increases up to 10-20% in the lower and middle
stratosphere, 20-30% in the upper stratosphere and 30—40% in
the mesosphere. The ozone uncertainty derived here does not
include that due to uncertainties in photolysis cross sections and
in heterogeneous reactions. These factors should be explored in
future studies.

Finally, in those cases with [€]>7 , we can obtain both a
model-calculated ozone distribution and a predicted ozone

distribution wusing the sensitivity coefficient estimation
procedure. If the ozone chemical system is basically linear, the
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Figure 9. (a) Right and (b) left sides of the standard deviation
of the ozone relative difference (percent) between its density
from each GMC run of model and its nominal value.
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Figure 10. (a) The ozone uncertainty (%) calculated by using

equation (6) for T=298 K. (b) The same as Figure 10a except
for the 2-D model temperature field.

ratio of the two values at any point should be close to 1. We
calculated these ratios at different latitudes and altitudes and
tound that the majority of the ratios do fall in a narrow belt

around 1 (£0.2). The ozone concentrations derived from the
sensitivity coefficients are thus not much different from the
results calculated by a model run (less than 20%). This result
shows that the calculated ozone concentration with respect to
the input chemical reaction rates over the region (75° S-75° N,
20-70 km) is quasi-linear. The uncertainty of the ozone
concentration due to the uncertainties in the reaction rates is of
comparable magnitude to the ozone deficit in the upper
stratosphere. It is possible that the ozone deficit results from a
combination of mistakes in the reaction rates that just result in
calculated ozone concentration lower than the observations.

4. Conclusion

The ozone sensitivity and uncertainty due to input chemical
reaction rate uncertainties have been studied by using the GSFC
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2D model. The ozone sensitivity coefficients to 96 gas phase
chemical reaction rates are estimated by using a finite

difference method. The sensitivity coefficients show that the
ozone concentration is sensitive to the rates of only about 25 of
the 96 reactions included in the 2-D model. The magnitude of
the ozone sensitivity coefficients varies from 0.05 to 0.9. Ozone
is most sensitive to the reaction O+0,+M — O,+M in both the
upper stratosphere and the mesosphere over all latitudes, and
the magnitude of its sensitivity coefficient varies from 0.1 to
0.9. Below 30 km at high latitudes, poleward transport in the
middle stratosphere and downward motion at high latitudes
increase the ozone sensitivity to this reaction. Ozone is
sensitive to the NO, reactions throughout the stratosphere, but it
is sensitive to the ClO, reactions only in a narrow region of the
upper stratosphere. The latitudinal variation of the ozone
sensitivity to ClO, reactions is very similar to that of active
ClO, species. HO, dominates above 40 km. The results of the
sensitivity analysis quantify and spatially locate the importance
of the various reactions and are in accord with the intuitive
feeling of the atmospheric science community. While this
increases our confidence that our understanding of the chemical
processes regulating ozone is solid, it is important to note that
the sensitivity analysis does not eliminate the possibility of
missing chemical processes. The value of the ozone sensitivity
coefficient to the channel CIO+OH— HCI+O, at a 7%
branching yield is about 0.1-0.2 at altitudes of 40-50 km from
middle to high latitudes. Adding this channel to the 2-D model
reduces the ozone sensitivity to the reactions involving ClO, by
about 0.05-0.1 at 40-50 km.

The GMC analysis is an efficient method of determining the
uncertainty of the model calculated ozone arising from
uncertainties in chemical reaction rates. The method reduces
the cost of the Monte Carlo analysis by about a factor of 2
through a reduction in the number of necessary Monte Carlo
runs of the model and employment of uncertainty estimates
from the calculated sensitivity coefficients where appropriate.
The GMC calculations show that the uncertainty in the
calculated ozone due to the uncertainties of chemical reaction
rates is at least 10-15% in the lower stratosphere and 30-35%
in the mesosphere. The values of the modeled ozone
uncertainty are estimated for the reaction rate uncertainties at
T=298 K and are increased to 10-20% in the lower and middle
stratosphere, 20—30% in the upper stratosphere, and 30—40% in
the mesosphere if the realistic stratosphere and mesosphere
temperature are adopted. The robust conclusion based on these
results is that we cannot rule out the possibility that the ozone
deficit in the upper stratosphere results from a chance
combination of mistakes in the input reaction rates. The extra
channel to HCI from CIO+OH reduces the ozone uncertainty by
only 5-10% at 40-50 km at middle to high latitudes. This
study also shows that the dependence of the model output ozone
concentration on the input chemical reaction rates is
approximately linear in the uncertainty region explored.

In the future, the ozone sensitivity and uncertainty to other
chemical and dynamical model input parameters such as the
photolysis cross section, heterogeneous reactions, solar flux,
aerosol properties and abundance, vertical and meridional
winds, and horizontal and vertical diffusion coefficients need to
be studied. A good understanding of this source of uncertainty
can result in an ability to address the ozone uncertainty due to
the exclusion of important physical processes and adopting
simplifying assumptions in the model.
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Appendix

Chemical reactions included in the GSFC 2-D model. M is N, and

0,

0+0,+M — O,+M
0+0,— 20,

H+0,+M — HO,+M
OH+0,— HO+0,
HO,+0, — OH+20,
CIO+HO, = HOCIHO,
Cl+H,0, — HCI+HO,
O('D)+M — OCPHM
NO+0, — NO,+0,
NO,+0, = NO+0,
H+0, — OH+O,
OH+OH+M — H,0,+0,
OH+CIONQ, = NO,+HOCI
CHAQH— CH+H.O

CH,0,+NO — CH,0+NO,
CH,CI+OH — CH,CI+H,0
CH,0+0, — CH,0+HO,
NO,+OH+M — HNO,+M
HO,+HO, = H,0,+0,

N+0O, — NO+O

H,CO+0O — HCO+OH
CH,0,+HO, — CH,00H+0,
Ci+H, — HCIH+H

Cl+0, — CIO+O,

CIO+0 — CIHO,

Cl+CH, — HCI+CH,
HCIHOH — CI+H,0
CIO+NO — CHNO,
OH+H,0, — H,0+HO,
OH+H, — H,0+H

N,O+M — NO,+NO,+M
CIO+NO,+M — CIONO,+M
O+H,02 — OH+HO,
HO,+NO,+M — HO,NO,+M
O+CIONO, — CIO+NO,

CO+OH — CO,+H
HNO,+OH — NO,+H,0
NO+HO, — OH+NO,
H,0+0('D) — 20H
OH+HO, — H,0+0,

OH+0 — H+O,

HO,+0 — OH+O,

NO,+0 — NO+O,
NO,+0+M — NO,+M
N,0+0('D) — 2NO
NO,+NO,+M — N,O,+M
N+NO — N+O

H,+0('D) = OH+H
CH,+0O('D) — OH+CH,
CH,+0,+M — CH,0,+M
H,CO+OH — H,0+HCO
HCO+0, — CO+HO,
CI+HO, — HCI+O,
CCL+O('D) —> 4Cl+products
OH+HO,NO, — H,0+0,+NO,
CH,+0('D) — H,CO+H,
OH+CH,00H — H,0+CH,0,
OH+OH — H,0+0

CIO+OH — CI+HO,
HOCHOH — H,0+CIO
CIHH,CO — HCI+HCO
HO,+HO,+M — H,0,+0,+M
CFCIO+O('D) — products
CF,0+0('D) — products
CI+HO, — OH+CIO

N+OH — NO+H
HO,NO,+M — HO,+NO,+M
H+HO, — H,+0,

H+HO, = H,0+0

H+HO, — OH+OH

NO+NO, — 2NO,
OH+CH,CCl, — 3Cl
NO+O+M — NO,+M
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N,0+0('D) = N,+0,
O('DHCF,CL, — CI+ClO+frag
N+NO, — N,0+M
O('DHN,+M — N,0+M
O('D)+CFCl, — 2CI+ClO+frag
O('D)+decay — O+hv
O0+0+M — O,+M

Br+O, — BrO+0,

Br+HO, — HBr+O,

BrO+CIO — Br+CI+0,
BrO+BrO — Br+Br+0O,
OH+HBr — H,0+Br
BrO+NO,+M — BrONO,+M
CH,Br+OH — Br+products
CHCIF,+OH — Cl+products
C,CLF +0('D) = 3Cl+products
C,CLF,+0('D) — 2Cl+products
C,CIF,+O('D) — Cl+products
CIO+CI0O+M — CL,O,+M
BrO+ClO — Br+0OCIO
BrO+ClO — Br+CIOO
BrO+ClO — BrCI+O,

CLO,+M — CIO+CIO
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